Pressure effects in hollow and solid iron oxide nanoparticles 
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Abstract 

We report a study on the pressure response of the anisotropy energy of hollow and solid 
maghemite nanoparticles. The differences between the maghemite samples are understood in terms 
of size, magnetic anisotropy and shape of the particles. In particular, the differences between hol- 
low and solid samples are due to the different shape of the nanoparticles and by comparing both 
pressure responses it is possible to conclude that the shell has a larger pressure response when 
compared to the core. 

PACS numbers: 75.30.Cr, 75.50.Tt 
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I. INTRODUCTION 



Pressure is a thermodynamical parameter on which changes in structural and magnetic 
properties are commonly observed. In the case of nanoparticles (NPs), pressure modifies the 
transition temperature 1], the susceptibility and magnetization {2, 3|, the hysteresis cycles 2I 
and the effective anisotropy energy barrier jj]. The effect of pressure in the NPs core and 
surface is distinct, allowing disentanglement of core and shell magnetic properties. This is 
the case of the anisotropy energy barrier in spherical maghemite NPs; while at room pressure 
only an effective value can be obtained, with increasing pressure core and shell size have 
a different response and so does the effective anisotropy energy, such that core and shell 
components of the anisotropy energy can be extracted ^. 

Core/shell models have been successfully used in the context of magnetic properties of 
maghemite NPs. These models often consider that the particles are constituted by a bulk- 
like core and a surface with distinct magnetic properties. In a seminal work, Coey described 
maghemite NPs as having a core with the bulk spin arrangement and a surface in which the 
spins are inclined at some angle jsl. The surface spins of maghemite NPs were lately shown 
to have spin-glass like properties j^. In the case of magnetization (M) measurements, 
surface is often considered as constituted by single^ paramagnetic and/or aniferromagnetic 
ions, whose contribution to M is linear in field [7]. The origin of this surface magnetic 
behaviour is associated with incomplete coordination of superficial ions and to the likely 
occurrence of structural defects at the surface, as shown by experimental techniques and 



10|). 



computer simulations (see for instance Ref. js- 

Since maghemite core and shell properties have a different pressure response, one can 
expect that maghemite particles with different geometry have a different behaviour with 
pressure, allowing a better insight on the magnetic properties of core and shell. Hollow 



maghemite ]N 
enhanced 11 



Ps are an exotic and interesting system where the relevance of surface is 



12| . Accordingly, we investigate the effect of pressure in hollow maghemite 



NPs and we compare this effect with that observed in solid maghemite NPs obtained by 
polymeric-assisted synthesis and non-aqueous routes. 
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II. EXPERIMENTAL 



Three different samples were syntfiesized and studied: a sample composed of hollow iron 
oxide NPs capped by oleylamine, a sample composed of solid iron oxide NPs capped by oleic 
acid and a sample composed of solid iron oxide NPs dispersed in a polymer and forming a 
composite. 

Hollow iron oxide NPs were obtained by the nanoscale Kirkendall effect following a pre- 
viously reported procedure pjj]. Briefly, iron NPs were obtained by decomposition of iron 
pentacarbonyl in organic solvents containing amines. 10 ml of octadecene (CigHsg) contain- 
ing 0.67 mmol of oleylamine were heated inside a three-neck flask to 60 °C under vacuum 
for 30 min. While keeping the solution under argon, the temperature was raised to 200 °C. 
A precursor solution of 0.4 ml of Fe(C0)5 in 2 ml of octadecene was prepared separately 
under Ar. This was rapidly injected through a septum into the hot surfactant solution under 
vigorous stirring. The resulting solution was reacted for 20 min. Afterwards, to oxidize the 
formed iron NPs, 20 ml/min of a 20% oxygen mixture in argon were flowed through the 
heated flask over 2 h. 

Solid 7-Fe203 NPs were obtained by decomposing iron pentacarbonyl in octadecene in 
the presence of an excess of oleic acid. The presence of equivalent or excess amounts of 
oleic acid in the precursor solution initially results in the formation of iron oleate, which 
decomposes directly into iron oxide. In a typical synthesis, a mixture of 10 ml of octadecene 
and 2 ml of oleic acid were heated inside a three- neck flask to 60 °C under vacuum for 30 
min. While keeping the solution under argon, the temperature was raised to 280 °C. At 
this temperature 0.4 ml of Fe(C0)5 in 2 ml of octadecene were rapidly injected through 
a septum. The resulting solution was reacted for 20 min. The particle size was tuned by 
changing reaction time and the concentration of iron carbonyl injected. 

Maghemite/polymer nanocomposites were prepared from iron/poly (4- vinylpyridine) 
(PVP) precursor compounds, following the procedure reported in Ref. 13|. The precursor 
was prepared by mixing a water: acetone solution of PVP with a RbBr-FeBr2-FeBr3 stock 
solution. The solution was evaporated at 40 °C to obtain a solid film. The precursor film 
was immersed in a 1 M NaOH solution for 1 h, washed with water and dried at 60 °C to 
obtain a polymer/NPs composite. Finally, the composite was annealed at 200 °C for 24 h. 
In the following, the three studied samples are identified as hollow, solid and polymer-grown. 
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The geometry, size and crystallographic structure of the NPs were characterized by trans- 
mission electron microscopy (TEM) and high- resolution TEM (HRTEM) using a Jeol 2010F 
field emission gun microscope with a 0.19 nm point to point resolution. 

X-ray diffraction (XRD) measurements were performed at room temperature as a function 
of pressure up to 30 kbar using a cylindrical imaging plate diffractometer (Rigaku Co.) at 
the Photon Factory of the Institute of Materials Structure Science at the High Energy 
Accelerator Research Organization (KEK) ij]. The wavelength of the incident X-ray was 
A = 0.68850(2) A. Pressure was applied using a diamond anvil cell, which consisted of 
two diamond anvils with flat tips of diameter 0.8 mm and a 0.3-mm-thick CuBe gasket. 
The pressure was calibrated by the ruby fluorescence method The maghemite NPs 
and a few ruby crystals were held along with a pressure-transmitting medium (fluorinated 
oil, FC77, Sumitomo 3M Co., Ltd.) in a sample cavity of diameter 0.4 mm located at 
the center of the CuBe gasket. The analysis of the diffraction patterns was performed by 
Rietveld refinement using the FuUProf package |l6|. The size effects were treated with 
the integral breadth method using the Voigt model for both the instrumental and intrinsic 
diffraction peak shape considering a Thompson-Cox-Hastings pseudo- Voigt convoluted with 
Axial divergence asymmetry function to describe the peak shape. The contribution of the 
finite size of the NPs crystallites to the peaks broadening was taken into account by an 
isotropic model yielding an average apparent size. 

For the magnetic measurements, the pressure was generated by a piston-cylinder-type 
CuBe pressure cell that was designed to be inserted into a commercial superconducting 
quantum interference device (SQUID) magnetometer (Quantum Design, MPMS) 171]. The 
maghemite NPs were held in the Tefion cell, which was installed in the pressure cell along 
with the pressure-transmitting medium (Apiezon-J oil) and a few pieces of superconductor 
tin used as a manometer. The pressure at liquid-helium temperature was estimated by the 
shift in the superconducting transition temperature of tinlSj. The ac magnetic response 
was measured as a function of the temperature (T) and the frequency of the ac field (/). 
Under an ac field (Hac) of 4.0 Oe, the in-phase (x') and out-of-phase (x") components of a 
series of first-order harmonic components, Mlu/h = xli^? were detected from the Fourier 
transform of the SQUID voltage, which was measured after modification of the phase delay 
due to the eddy current of CuBe at each frequency. 
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III. RESULTS AND DISCUSSION 



TEM micrographs of the hollow sample show the expected geometry of core/shell hol- 
low/solid NPs with an average diameter of about 8 nm and a low size dispersion (FigJT]). The 
iron oxide shell has about 3 nm, being polycrystalline, as seen in the HRTEM micrographs 
and corresponding Fourier transform (Fig. [T] right inset). Accordingly, the NP structure 
can be depicted as a tectonic crust, as shown in Fig. [H top-left inset. 




FIG. 1: Typical TEM micrograph of the hollow maghemite NPs with 8 nm average size. Inset 
micrograph corresponds to a high resolution image of the same NPs and corresponding Fourier- 
transform. Top-left inset cartoon depicts the hollow polydomain structure of a NP. 

XRD patterns of the hollow sample show the existence of NPs with a spinel structure 
consistent with magnetite/maghemite [Fig|2]^a)]. The patterns can be well reproduced by 
considering the P4332 space group and a peak broadening due to finite size effects. Fits 
with similar quality are obtained when considering different Fe/0 stoichiometry although 
the best fit is obtained with a stoichiometry closer to magnetite than to maghemite. This 
result should be taken carefully, since the background is ill-defined making difficult a proper 
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determination of the relative intensity of the peaks. In fact, previous spectroscopy studies 



suggest that the iron oxide is maghemite rather than magnetite The contribution to the 
peak broadening due to strain is neghgible compared to that of size. The average apparent 
size at room pressure is ~ 2.2 nm [Fig|2]^b)], in good agreement with the ~ 3 nm crystalhne 
domains observed by HRTEM. The cell parameter decreases monotonically with pressure, 
whereas the average apparent size has no defined trend having values in the 2.1 to 2.4 nm 
range (which is probably close to its error bar). 

At low temperature, magnetization shows hysteresis with field [Figl3]^a)]. The coercive 
field He and the magnetization at the maximum field used in the experiment (denoted as 
Ms) are pressure dependent, increasing and decreasing with pressure, respectively [Figl31^b) 
and (c)]. Taking into account these two dependencies it is possible to evaluate the pres- 
sure dependence of the effective anisotropy constant -ft'e//, since K^jf oc He Ms- Despite 
the opposite trends of Hq and M5, -ft"e// increases with pressure, anticipating a pressure 
dependence of the anisotropy energy barrier. 

The temperature dependence of the ac susceptibility at room pressure of the hollow and 
solid sample shows the characteristic features of superparamagnetic NPs with a distribution 
of energy barriers undergoing an unblocking process as temperature increases from 20 to 100 
K, showing a frequency (/) dependent maximum with temperature (blocking temperature 
Tb) at around Tg = 45 K (FigH]). With the increase of pressure, at a fixed frequency 
increases to higher temperatures. At a given pressure, Tb(/) follows a Neel-Arrhenius rela- 
tion, Tm = To exp{E/kBTB) as usually found in superparamagnetic NPs 1^, 2^. Here tq is a 
microscopic characteristic time, is the characteristic measurement time equal to l/(27r/) 
and E is the anisotropy energy barrier, usually expressed as the product between K^fj and 
the NPs average volume V. From the Neel-Arrhenius relation, the pressure dependence of 
E can be estimated (Fig|5]). Quahtatively, the pressure dependence of E is similar in the 
solid, hollow and polymer-g rown maghemite NPs (^EgQUd, Ej^^qHq^ and EpQiy^ji^j-) , increasing 
with pressure in the studied range. The increase of Ehoiiow is in accordance with the increase 
of Keff determined from the magnetization results. 

A better insight on the relation between E obtained for the three studied samples is 
obtained by plotting two of them as a function of the third (Fig|6]). Since E of the three 
samples was estimated at different pressure values, a simple interpolation procedure was ap- 
plied. In the plot of FigEl the similitude between the E pressure dependence is apparent as 
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a linear dependence between E of the solid NPs and those of the hollow and polymer-grown 
NPs. Interestingly, while Epoiymer is simply proportional to EsoUd with the linear extrapola- 
tion crossing the (0,0) point, Ehoiiow is proportional to EsoUd with the linear extrapolation 
crossing the x-axis at a positive value, such that 

Ehoiiow — Esoiid — 627 {K) 

Epoiymer 0. ITG-E^o/j^^ (l) 

This means that the pressure dependence of the polymer-grown NPs and that of the sohd 
maghemite NPs has the same physical origin, differing only by a constant term reflecting 
the different E value of both samples at ambient pressure, associated with their different 
V and K^ff. On the other hand, the slope of the Ehoiiow vs. EsoUd dependence is quite 
close to 1 while when EhoUow extrapolates to zero, Egoiid has still a non-zero contribution 
of the order of 627 K. In a first approximation, this can be regarded as the EggHd having 
two components; one component displaying a behavior similar to that of Ehoiiow (the linear 
contribution) and a second component which is absent in Ehoiiow (the non-zero contribution 
at Ehoiiow = 0). By geometrical arguments, the component common to both solid and hollow 
sample is the surface, while the second component present in the solid sample and absent 
in the hollow one is the core. This suggests that E associated with the surface has the most 
relevant pressure dependence while E associated with the core has a relevant contribution 
at ambient pressure, being almost pressure independent. 

IV. CONCLUSIONS 

In summary, it was shown that the anisotropy energy of solid maghemite NPs prepared by 
different routes of synthesis have a similar pressure dependence, while the anisotropy energy 
of solid and hollow maghemite NPs show different pressure dependence. This difference is 
due to the different geometry of the NPs and with the larger pressure response of the shell. 
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FIG. 2: (color online) (a) Room temperature and ambient pressure X-ray diffraction (XRD) pattern 
of the hollow maghemite NPs. Continuous (red) line corresponds to Rietveld refinement of a spinel 
as described in the text, vertical lines represent the position of allowed Bragg peaks, while horizontal 
(blue) line represents the fit residues, (b) pressure dependence of the cell parameter a (left scale, 
full symbols) and average apparent size (right i@ale, open symbols); solid lines are eye guides. 
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FIG. 3: (color online) (a) Field dependence of the magnetization of hollow NPs measured at de- 
creasing fields after zero- field cooling and obtained at selected pressm'es and T = 5 K. Pressure 
dependence of the (b) magnetization at high field (5 x 10^ Oe) Ms obtained at T = 5 K, (c) 
coercive field He and (d) effective anisotropy constant K^fj. Lines are eye guides for data ob- 
tained at increasing pressures. The values obtained at ambient pressure after pressure release are 
shown as isolated svmbols. Error bars in oanel ih) and ic) are estimations based on the standard 
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FIG. 4: (color online) In-phase (a) and out-of-phase (b) components of the ac susceptibility of the 
hollow NPs obtained as a function of temperature for selected applied pressures with an excitation 
ac field of 1 Hz. Arrow denotes the trend of the maximum position with the increase of pressure. 
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FIG. 5: Pressure dependence of the anisotropy energy barrier E for the sohd, hoUow and polymer- 
grown maghemite NPs. Solid lines are eye guides for data obtained at increasing pressures. The 
values obtained at ambient pressure after pressure release are shown as isolated symbols. Error 
bars were estimated based on linear fits to Arrhenius plots. 
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FIG. 6: (color online) Relation between the anisotropy energy barrier E of the solid and those 
of the hollow and polymer-embedded maghemite NPs. Dotted lines represent linear fit and low 
energy extrapolation. 
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